behaviours, such as aggression, 11, 12 pair-bonding, 13, 14 and parental behaviour, 15, 16 and has also been linked to human social behaviours in health [17] [18] [19] and during neurological disorders such as autism. 20, 21 Previously, we reported that the rat olfactory system contains several populations of interneurones that express vasopressin. They are localised in the MOB, AOB and anterior AON. 7, 22 Vasopressin V1a receptors are expressed in the MOB and AON 7, [22] [23] [24] [25] [26] and V1b receptors in the AON, olfactory tubercle and PC, 22, 27 which suggests that these cells might be sensitive to their own signal. Blocking the actions of vasopressin in the MOB impairs the social recognition abilities of rats and vasopressin agonists and antagonists can modulate the processing of information by olfactory bulb neurones. 7, 8 Furthermore, exposure of adult rats to a conspecific juvenile, but not to a heterospecific predator odour, increases early growth response protein 1 expression in vasopressin neurones of the AON. 22 These data suggest that vasopressin neurones in the olfactory system are involved in the coding of social odour information. 28, 29 In the present study, we describe a population of vasopressin neurones distributed across the length of the PC. Again, utilising a transgenic rat line in which an enhanced green fluorescent protein reporter gene is expressed specifically in vasopressin cells (eGFPvasopressin), 30 we characterised these neurones based on a number of other chemical markers and determined whether there are sex differences in the number of vasopressin-expressing cells in the PC. Finally, aiming to understand how the inputs to the olfactory system influence vasopressin neurones in the different parts of the olfactory system and the hypothalamus, we electrically stimulated the lateral olfactory tract (LOT) and measured the expression of the immediate early gene c-fos by immunocytochemical detection of Fos, the protein product of c-fos, in wild-type and transgenic rats.
| MATERIALS AND METHODS

| Ethical approval
Procedures conducted in the UK were approved by the local Ethics 
| LOT stimulation
Rats were anaesthetised with an i.p. injection of sodium pentobarbital (60 mg kg -1 ) and the level of anaesthesia was monitored throughout the surgical procedure. Supplementary doses were administered as necessary.
The rats were prepared for dorsal surgery and holes were drilled over both the left and right LOT. A concentric stainless steel electrode (diameter 100 μm tip; SNEX-100; Clark Electromedical Instrument, Edenbridge, UK) was lowered into the LOT (below the piriform cortex, 1.4 mm posterior to bregma and 3.2 mm lateral to midline, 9.5 mm deep) of the right hemisphere to deliver a biphasic pulse (1 mA peak- 31 Taking this into account, a constant stimulation over a prolonged period of time was applied, to disrupt the spontaneous output pattern.
The electrode was then removed and placed in the LOT of the left hemisphere for 10 minutes without any electrical stimulation. For the control group, the electrode was placed to the both sides of the LOT for 10 minutes without stimulation. To mimic the activation throughout the olfactory system by the input, we applied 10 minutes of 50 Hz electrical stimulation to the LOT and analysed the expression of Fos.
At 90 minutes after the end of electrical stimulation, rats were terminally anaesthetised and transcardially perfused for tissue collection. The position of the stimulating electrodes in LOTs was verified histologically. 
| Tissue preparation
| Immunocytochemistry
Immunochemistry on free-floating sections was performed for both wild-type and transgenic rats. For wild-type rats, coronal sections were cut at 52 μm and washed in PB + 0.2% Triton X-100 three times to remove excess fixative/cryoprotectant. Sections were then given a 5-minute wash in PB before blocking endogenous peroxidase using the methanol solution (PB + 20% v/v methanol + 0.3% w/v hydrogen peroxide). Again, the sections were washed with PB + 0.2% Triton X-100 three times for 5 minutes. To block nonspecific staining, sections were incubated for 30 minutes in a PB blocking buffer consisting of 1% normal sheep serum + 0.3% Triton X-100. The sections were incubated in the c-Fos antibody (Ab-2; Merck KGaA, Darmstadt, Germany) at 1:1000 dilution in PB blocking buffer for an optimum of 36 hours at 4°C. After sections were washed in PB + 0.2% Triton X-100 for three times, they were incubated for 60 minutes with biotinylated- was detected when primary antibodies were omitted or when the primary antibodies (Table 2) were incubated with a five-fold (w/v) control immunogen before being exposed to the tissue sections (with the latter control being conducted whenever a control peptide was available from the supplier of that primary antibody).
| Microscopy
Fluorescence signals were acquired either using a Nikon AIR confocal or a Zeiss LSM510 Axiovert confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany). In either case, the images were acquired at 1024 × 1024 pixels, using a Nikon Plan Apochromat 1.4
NA ×60 oil immersion objective (Nokin, Tokyo, Japan) or a Zeiss Plan NeoFLUAR 1.4 NA ×63 oil-immersion objective (Carl Zeiss), respectively. In all cases, emissions for each fluorophore were obtained consecutively to avoid channel cross-talk. Those images that were taken throughout each cell at Nyquist sampling rates were deconvolved using Huygens software (Scientific Volume Imaging, Hilversum, The Netherlands) and all images were analysed using imagej, version 1.48
(NIH, Bethesda, MD, USA) and images constructed using PowerPoint (Microsoft Corp., Redmond, WA, USA).
| Cell count
Immunohistochemically stained sections were imaged (DFC490, ×20
objective; Leica Microsystems, Wetzlar, Germany) for subsequent cell counting. Images were taken consecutively across the length of the PC. Seven sagittal sections from each of 12 brains (n = 6 per group) of eGFP-AVP transgenic rats, immunostained for GFP, were used to determine whether there are sex differences in the number of vasopressin expressing cells in the PC. We also analysed sections of the bed nucleus of the stria terminalis (BNST; three sections from each rat) because it has previously been shown that there is a sexual dimorphism in the number of vasopressin expressing cells in this area.
33,34 
| Quantification of Fos positive cells
| Statistical analysis
Statistical analysis was performed using the Prism software (GraphPad Software Inc., San Diego, CA, USA). To compare data between two independent groups, the Mann-Whitney rank sum test was used. All data are reported as the mean ± SEM.
| RESULTS
| Characterisation of eGFP-vasopressin neurones in the PC
We first discovered these cells in our transgenic rat strain in which eGFP is expressed under the control of the vasopressin promoter ( Figure 1A ,B). In these transgenic rats, eGFP expressing cells were distributed widely throughout the whole PC. Using double immunocytochemistry, we established that every cell immunoreactive for eGFP was also immunoreactive for vasopressin ( Figure 1B) . We confirmed the expression of vasopressin in PC cells in wild-type rats using antibodies against vasopressin-neurophysin ( Figure 1C ). Vasopressin cells were seen across the whole PC, whereas the signal was less intense and the number of vasopressin immunoreactive cells in wild-type rats was lower than seen in eGFP-vasopressin transgenics.
Most of the vasopressin-immunoreactive cells were localised in layer II of the PC; however, a few were also seen in layer Ib and layer III ( Figure 1B) ; 63% of these cells co-expressed glutamate (140 of 221 examined eGFP cells) ( Figure 1D ) and 20% co-expressed GABA (56 of 257) (Figure 2) . In very few cells, eGFP was co-localised with calbindin (10.5%; 21 of 200) and calretinin (0.7%; 2 of 287) but not parvalbumin (0 of 323) (Figure 2 ), which label known subpopulations of PC neurones. [36] [37] [38] There was no co-localisation with cholecystokinin (0 of 423) or vasoactive intestinal polypeptide (0 of 323) which have been described in neurones of the PC (Figure 2) . 36, 39 Vasopressin receptor staining was abundant in the PC, although very few eGFP-vasopressin cells were immunoreactive for V1a (6%; 22 of 365) and V1b receptors (1.8%; 3 of 163) (Figure 2 ).
| Sex differences
To determine whether there are sex differences in the number of vasopressin expressing cells in the PC as described for other areas harbouring vasopressin cells, 33, 40 sagittal sections from eGFP-AVP transgenic rats were immunostained for GFP. There was no significant difference between male and female rats in the number of immunoreactive vasopressin cells in the PC (males 533 ± 71, females 589 ± 127;
Students t-test, P = .71, n = 6 per group) ( Figure 3B,C) . By contrast, as expected, in the BNST, there were fewer immunoreactive vasopressin cells in female rats than in male rats (females 105 ± 15, males 204 ± 31, P = .04, n = 4 per group) ( Figure 3D ).
| Fos induction after LOT stimulation
Initially, we studied the effects of electrical stimulation of the LOT on 
| Main and accessory olfactory bulb
| Anterior olfactory nucleus
In the AON, we separately analysed the dorsal and lateral parts of the AON. 22 The ( Figure 4G ).
| Piriform cortex
The PC runs in a band from the rhinal fissure to the ventral sur- There was also a significant increase in the proportion of Fospositive eGFP cells in the PC in the electrically stimulated ipsilateral side compare to control (stimulated ipsilateral 37 ± 7% vs control ipsilateral 6.0 ± 0.8%, P = .02) ( Figure 4H ).
| Supraoptic nucleus
Connectivity between the SON and the olfactory system has been described previously. [41] [42] [43] [44] Therefore, we also analysed Fos induction after electrical stimulation of the LOT in the SON ( Figure 5A ).
There was a significant difference between the control and the electrically stimulated group in both hemispheres (stimulated ipsilateral 10.0 ± 1.3/10 4 μm 2 vs control ipsilateral 2.3 ± 0.7/10 4 μm 2 , P = .02; stimulated contralateral 6.9 ± 0.8/10 4 μm 2 vs control ipsilateral 2.3 ± 0.7/10 4 μm 2 , P = .03) ( Figure 5B ).
There was a significant increase in the proportion of Fos-positive eGFP cells in the LOT stimulated ipsilateral and contralateral side compared to control (stimulated ipsilateral 63.7 ± 5.8% vs control ipsilateral 18.7 ± 6.7%, P = .02 stimulated contralateral 54.5 ± 4.8% vs control ipsilateral 18.7 ± 6.7%, P = .03) ( Figure 5C ).
| DISCUSSION
In the present study, we show a large number of cells expressing vasopressin in the PC. The PC has been characterised both electrophysiologically and immunocytochemically [45] [46] [47] and comprises a sparsely populated superficial layer I, a main input layer II containing the densely-packed somata of glutamatergic principal neurones and a deep layer III containing principal neurones at lower density. 48 Most of the vasopressin cells in the PC are located in layer II and also co-express glutamate. Scattered more uniformly across all layers are GABA-releasing interneurones that provide feedforward or feedback synaptic inhibition to principal cells and some of these also contain vasopressin. Of the vasopressin cells in the PC, 30% showed an increase in Fos expression after LOT stimulation. These cells are likely to be glutamatergic pyramidal neurones because most cells that receive direct bulbar inputs in layer II are pyramidal neurones. 48 We first discovered these cells in our transgenic rat strain in which eGFP is expressed under the control of the vasopressin promoter.
These rats have been extensively used by us and others to study vasopressin-expressing neurones in distinct brain regions. 7, 22, 32, 49, 50 The vasopressin-eGFP transgene encodes a modified vasopressin precursor with eGFP fused in-frame at the C-terminus 30 (D. In the present study, we confirmed the presence of vasopressin receptor expression in the PC; 22, 27 however, the receptors are not on the vasopressin cells themselves, indicating that the neuropeptide is not involved in autoregulation as it is in the hypothalamus. 51, 52 The PC is part of a network involved in the processing of olfactory cues used for social communication [53] [54] [55] integrating odour features into odour objects. 56 We and others have previously shown that vasopressin is involved in the modulation of social recognition at the level of the OB 7, 8 and the AON, 22 suggesting that vasopressin neurones in the olfactory system are involved in the coding of social odour information. receptors, allowing for further modifications of information through these peptides during particular types of social behaviour. It is also likely that storage of recognition memory involves brain regions such as the PC. Oxytocin, for example, promotes the formation of association learning of an initially neutral odour with a potential mating partner. 60 Activation of the PC was found to be crucial for the consolidation and for the recall of long-term social memory. 61 However, the exact role of vasopressin in these processes remains to be determined in more detail.
| Lack of sex differences
In the present study, we show that there was no sex difference in the number of vasopressin expressing cells in the PC, although there was in the BNST. A lack of sexual dimorphism has also been shown in other vasopressin cell populations of the olfactory system, including the MOB, AOB or the AON. 7, 22 By contrast, immunoreactive vasopressin projections in the lateral septum and the lateral habenular nucleus are much denser in male than in female rats 40 and a similar imbalance in peptide expression was identified in the BNST. 
| Fos labelling in the SON
In our experiments, LOT stimulation increased Fos expression in the SON. Connectivity between the SON and the olfactory system has been described previously. [41] [42] [43] [44] 69 Labelling studies have shown a monosynaptic pathway between the olfactory bulb and the SON 42, 43, 70 and connections between olfactory sensory neurones and the vasopressin neurones in the PVN and SON. 44 In addition, Hatton Taken together, populations of vasopressin neurones in different areas of the rat olfactory system, including the MOB, AOB and the AON, have been shown to be involved in the coding of social odour information. 7, 22 In the present study, we describe an additional population of vasopressin cells in the PC. Together, these functionally distinct populations of vasopressin cells in different parts of the olfactory system suggest that vasopressin signalling is involved in information processing at multiple levels of the olfactory pathway. 
